e nonlinear dynamic responses of a wire rope under periodic excitation in a friction hoisting system are investigated.
1. Introduction e friction hoisting system has a wide range of applications in the field of personnel and material transportation in mines and buildings [1, 2] . Due to the high axial load capacity and excellent bending properties of the steel wire rope, most hoisting systems use it as a transport medium. In particular, in the friction hoisting system, the volume of the entire system is greatly reduced due to the application of multiple steel wire ropes to bear the same load. Figure 1 illustrates the composition of a typical hoisting system, which includes a driving friction pulley at the upper end, wire ropes attached to the friction pulley, and a hoisting cage (or a balance hammer) suspended at both ends of the rope. Viscoelastic friction linings are attached to the surface of the friction pulley to provide a sufficient friction force for the rope. e friction pulley rotates to drive the rope, which drives the hoisting cage (or the balance hammer) along the track in the shaft. e track system is generally divided into two types: rigid cage guide and flexible cage guide. e rigid cage guide consists of a series of lead rails. e flexible cage guide has been rapidly applied in mine fields in recent years [3, 4] . It uses the suspended wire rope as the guide rail of the container and has the advantages of low cost, stable operation, and convenient replacement.
During the lifting operation of the friction hoist system, the hoisting cage can be subjected to various external sources of excitation. First, a periodic excitation source is formed to the container due to roller roundness error or supporting spring stiffness difference of the guide shoe roller in the mine hoist cage or bucket [3, 5] . e transverse stiffness of the rope in the flexible cage guide has obvious periodic alternating characteristics in the acceleration and deceleration stage [6, 7] . Second, the lifting motion makes the mechanical parameters such as the length, mass, and speed of the rope time-varying, which is the main factor that induces a parametric resonance of the system [8, 9] . ird, during the lifting process, the wire rope easily forms obvious somatosensory vibration or noise when the container approaches the lifting end point since the vibration frequency increases because the rope length decreases. It is easy to form a structural resonance with other system fixing parts [10] . e occurrence of parametric excitation is very probable because there are many low frequencies in the container or pulley and in the stay cables. When a local (rope) model and a global (structure) mode are coupled, even a very small motion of the cage or pulley may cause dynamic instability and extremely large vibration amplitudes, and the entire system is in dynamic operation [11] . In particular, in recent years, the friction hoisting system is becoming larger and faster with the deepening of underground mines and ground buildings. Vibrations that derive from increasingly obvious wind sometimes cause the fatigue fracture of the steel wire inside the rope [12, 13] . ese factors will produce or aggravate periodic or fragment periodic vibration excitations on the system. On the one hand, strong container vibrations can easily cause physical discomfort or damage the delicate equipment. On the other hand, the container vibration will induce the vibration of the connected rope. Since the wire rope is a longdistance flexible structure, its vibration has complex characteristics such as modal coupling and directional coupling under periodic excitations [14] [15] [16] . e vibration of the rope will be transmitted upward along the rope to the traction friction pulley in the hoisting system. Both longitudinal and transverse vibrations can reduce the effective friction between the rope and the pulley surface [17] . In severe cases, the friction is insufficient, and the rope will slip [18, 19] . erefore, the study of the rope dynamic response under periodic excitations has an important guiding role in detecting the harmonic excitation response mechanism and suppressing the vibration of the entire friction system. e periodic excitation method is effective in estimating the rope tension and vibration characteristics [20, 21] . Many scholars have performed rich research on the rope dynamic characteristics under static or quasi-static tension conditions such as bridges and buildings. Lepidi and Gattulli [22, 23] noted that a relevant contribution of higher modes might arise as a result of nonlinear coupling phenomena. e modal interactions in both planar and spatial responses to the periodic in-plane and out-of-plane cable loads were studied using analytical and finite element models. Macdonald [24, 25] provided analytical expressions for the steady-state vibration amplitudes of a taut cable with parametric excitation with different mode combinations. Modal instabilities can occur from two mechanisms: (a) nonlinear modal coupling between modes with the same natural frequencies or (b) parametric excitation at half of the excitation frequency because of the axial component of the end motion. Chen and Sun [26] used a continuation method to predict the system responses to a range of excitation frequencies near the cable eigenfrequencies. ey found that when the damper was near the cable end, the lower-mode cable vibration was suppressed because higher modes were excited. Yan et al. [27] investigated the dynamic characteristics of the cross-rope suspension tower system under the axial periodic load produced by the galloping of iced transmission ropes. e relationship between the rope system stability and the excitation frequency was identified. Zou et al. [28] proposed a new modification of the homotopy analysis method to capture the asymmetric solutions of wire rope isolation systems with a periodic excitation force. Kang et al. [29] studied the predicting method and automatic resonance avoidance of offshore crane cables to complement the safety management during subsea lowering operation.
e study proves that the dynamic instability of the cable at a periodic region of Mathieu stability diagram potentially creates high risk for the lowering operation.
However, under the condition of high-speed and heavyload hoisting, the periodic vibration response of the wire rope is rarely reported. In this paper, experimental equipment is designed to simulate the excitation state of the is study complements the lack of research on the periodic excitation response of the hoisting system. e harmonic vibration mechanism of the wire rope is clarified. It provides a theoretical basis to further control the rope vibration and improve the stability of the hoisting system.
Experimental Details
e experimental principle is shown in Figure 2 . e photos of the experiment device are shown in Figure 3 . e detailed introduction is shown in [19] .
Experiment Scheme

Lifting Parameters.
e initial lifting speed and acceleration of the system are shown in Figure 4 . Table 1 lists the parameters of the experiment device.
Excitation
Parameters. Figure 5 shows the schematic diagram of the excitation. e excitation frequency is regulated by the speed governor. e governor changes the rotor speed of the excitation motor through the principle of variable voltage and frequency conversion. e excitation motor is internally equipped with an eccentric block. Some eccentric blocks are symmetrically mounted on the motor main shaft to achieve an excitation force along a fixed direction. e excitation force in this experiment is vertical. When the rotation speed varies, the direction of the eccentric force varies, which realizes the excitation force of different frequencies.
To obtain an accurate excitation frequency value, different levels of excitation force are applied to the static rope. e tension responses in 2.5 s are obtained, as shown in Figure 6 . e higher level represents the higher excitation frequency. When the excitation frequency increases, the "beat frequency" characteristic of the tension signal becomes increasingly prominent [30, 31] . e beat frequency is similar to the signal "modulation" induced by two approaching signal frequencies.
e time-frequency analysis of each signal is shown in Figure 7 . ere are 50 Hz signal components in the timefrequency distribution of different levels of excitation. is is due to the interference caused by the AC power supply. It can be seen that when the excitation frequency is close to 50 Hz, the time-frequency characteristics of the two frequency components produce obvious cross-linking and spacing aggregation.
is explains the generation of the "beat frequency" feature of the amplitude in Figure 6 . e relationship between the excitation force and the frequency of the eccentric motor satisfies the following formula:
where F e is the excitation force, m e is the eccentric block quality, and r e is the radius of rotation. e maximum excitation force of 40 kg can be reached when the full frequency of 50 Hz is applied. en, coefficient C can be obtained. According to the formula, the excitation force at different frequencies can be obtained as shown in Table 2 . e control flow used by the experimental platform control system is computer-PLC-inverter-motor. e total data acquisition frequency in the experiment is 2 kHz, and the single-group acquisition frequency is 500 Hz. Due to the frequency converter, the AC contactor in the experimental equipment control system, and high-voltage environment of the workshop, the signal acquisition will generate certain high-frequency interference. erefore, the one-dimensional wavelet threshold denoising method is applied to denoise the collected signals [32, 33] . e specific process is that a wavelet base and a decomposition layer are selected to decompose the signal layer by layer. en, a certain threshold function and threshold are selected to filter out the noise of each layer of the decomposed signal. Finally, the filtered signals are reconstructed by the wavelet transform to obtain the final signal. e denoising method can improve the signal-to-noise ratio of the signal, highlight the actual signal required, and improve the accuracy of the experimental result analysis. Figure 8 shows the tension and vibration of the lifting-side rope during the normal lifting process of a lifting cycle. Due to the three-stage speed characteristics of the acceleration, constant speed, and deceleration, the tension distribution of the rope can be divided into three stages. e tension at the acceleration stage can be divided into a dynamic tension regime and an inertial tension regime [18] . e transverse vibration is mainly aggravated with the increase in speed. e amplitude of the vibration acceleration is basically symmetric.
Results and Discussion
Single Excitation Frequency.
In the time-frequency distribution Figure 9 , the transverse vibration has many corrugated frequency components at the position of 60∼100 Hz in the constant-speed stage. e power spectrum has an extreme value of 1407 m 2 ·s and appears in the high-frequency range (90∼100 Hz). is phenomenon is similar to random superharmonic resonance [34] . e longitudinal vibration exhibits a variation law similar to random fluctuations. e strong vibration regime is concentrated in the constant-speed stage, and the individual position is disturbed. e power spectrum is 818 m 2 ·s, but it occurs in the low-frequency range (0∼10 Hz). It can be seen from Figures 8 and 9 that the strength of both longitudinal and transverse vibrations is mainly in positive correlation with the movement speed of the wire rope, although the longitudinal tension in the beginning of the lifting stage showed a large fluctuation. But at this time, the wire rope just started to accelerate from 0. At this time, the running speed is low, so the longitudinal vibration is weak. On the other hand, the period of large fluctuations in tension is relatively long, that is, during the period when the wire rope starts to be pulled by the friction wheel, the wire rope appears to expand and contract gently due to its good elasticity. erefore, the sudden peak of longitudinal vibration acceleration is difficult to appear. Figure 10 shows the tension and vibration of the rope when the lifting container is subjected to an excitation frequency of 46.7 Hz.
e longitudinal excitation has no obvious effect on the rope tension during the lifting process.
us, the high-frequency excitation energy is absorbed by the internal elasticity and damping of the wire rope. e longitudinal rope deformation caused by the excitation is small, so the basic characteristics of the macrotension remain unchanged. Compared with the tension, transverse and longitudinal vibrations of the rope under excitation are greatly enhanced. e transverse vibration acceleration slightly increases after the lifting begins compared to the Shock and Vibration 5 static excitation before lifting. Compared with the lifting process during nonexcitation, the transverse vibration is not significantly enhanced with the increase in lifting speed. During the lifting process, the longitudinal vibration is more enhanced than the static excitation state before lifting. e time-frequency distribution in Figure 11 shows that the transverse vibration has a significant horizontal slender component, and the power spectral value is 20946 m 2 ·s, which is 15 times of the corresponding value (1407 m 2 ·s) when unexcited. e frequency is constant at approximately 46.7 Hz, so this component is dominated by the excitation frequency. In addition, similar to the time-frequency characteristics of the transverse vibration when unexcited, many corrugated frequency components appear in the range of 60∼100 Hz in the constant-speed stage [34] . is phenomenon is also related to the increase in lifting speed. erefore, the transverse vibration of the wire rope under periodic excitation is a typical forced vibration because of the small transverse stiffness and poor displacement resistance of the steel wire rope. e longitudinal time-frequency distribution of the rope under excitation is characterized by many interlaced frequency components, which almost Shock and Vibration occupy the entire time-frequency distribution area. us, the effect of the excitation on the longitudinal vibration of the wire rope is randomized, complicated, and unstable. Because the wire rope is long, the excitation wave continuously reflects and overlaps in the wire rope to form a complex dynamic response [35] [36] [37] . Since the power spectrum is relatively small and does not form a regular fixed-frequency component, the wire rope absorbs most of the vibration energy because of longitudinal damping and elastic deformation, which embodies the excitation stability of the flexible rope. Figure 12 shows the transverse rope vibration acceleration at different excitation frequencies. e lifting process starts at 0.5 s, before which the wire rope is stationary. e transverse vibration of the wire rope at each excitation frequency has a large amplitude enhancement, and the effect of different frequencies on the static state rope is different. Because of the relatively small excitation force, the transverse vibration at 23.6 Hz is significantly smaller than other frequencies. After the start of the lifting, the transverse vibration amplitude increases in varying degrees at the excitation frequencies above 43.3 Hz. However, compared with the nonexcitation state, it no longer has the symmetrical distribution characteristic that the amplitude increases with the increase in velocity. Instead, the amplitude of vibration increases at a certain moment, and the moment is delayed with the increase in excitation frequency (as shown by the purple arrow). Some evidence can be found in Figure 13 to explain this phenomenon. It can be seen that, in addition to the excitation component of the foundation, the time when the vibration starts to strengthen is really related to the time-frequency distribution, as shown in the black dotted circle in the figure. e strengthening time of vibration amplitude corresponds to the cross-linking points of time-frequency components.
Different Excitation Frequencies.
is is obviously related to the multistep natural frequency Shock and Vibration of the wire rope, that is, different excitation frequencies produce resonance cross-linking with some natural components of the wire rope to increase the amplitude. e results show that the distribution range of natural vibration frequency of the steel wire rope is wide. e maximum amplitude of the transverse vibration in each excitation frequency is − 141.5 and 78.7 m/s 2 , respectively. Figure 14 shows the longitudinal vibration acceleration of the wire rope at different excitation frequencies. e longitudinal vibration characteristics under different excitation frequencies are similar to that of the nonexcitation state, which is characterized by random vibration and sudden change. Compared with the transverse vibration, the overall amplitude of the longitudinal vibration is smaller. Compared with the nonexcitation state, the longitudinal vibration of the wire rope is not enhanced as much as the transverse vibration. Similarly, because of the small excitation force at 23.6 Hz excitation frequency, the enhancement of the vibration amplitude is weak. e amplitude of vibration is strengthened under other excitation frequencies.
However, the longitudinal vibration distribution law does not significantly change with the increase in excitation frequencies. Similar to the nonexcitation state, it tends to strengthen with the increase in lifting speed. e maximum amplitude of the longitudinal vibration in the forward and reverse directions at each excitation frequency is − 55.1 and 50.5 m/s 2 , respectively. [22, 24] . e superharmonic resonance [38] [39] [40] of the wire rope is stimulated when the wire rope is excited near 43.3 Hz. However, the resonance tendency of the wire rope is weak near the excitation frequency of 46.7∼48.1 Hz.
is phenomenon is evident from the time-frequency distribution of the transverse vibration (Figure 13 ). Figure 13 shows the time-frequency distribution of the transverse vibration of the wire rope at different excitation frequencies.
e most prominent characteristics of the transverse vibration under different excitation frequencies are that a horizontal frequency band, i.e., fundamental frequency, which runs through the entire time domain in accordance with the excitation frequency, appears on the time-frequency distribution. In addition to the fundamental frequency, several high-order harmonics are horizontally distributed in the time-frequency diagram, similar to the literature [41] . At excitation frequencies of 23.6∼45.7 Hz, several high-order harmonics with different frequencies appear on the upper side of the fundamental frequency in the static state of the first 0.5 seconds. Table 3 lists the harmonic frequencies that occur at the first three excitation frequencies of the stationary state rope. Each harmonic frequency has a certain integer multiple relationship with the fundamental frequency (2 and 4 times) or an individual fractional multiple relationship (72 Hz). us, the wire rope can excite types of superharmonics at some excitation frequencies because of the multidegree of freedom flexible property, which is detrimental to the operational stability. At 23.6 Hz, the fundamental wave of transverse vibration is "truncated" by the lifting motion in the middle of the timefrequency distribution, which presents an intricate state of multifrequency components at 50 and 100 Hz.
is phenomenon is similar to the time-frequency characteristics of the transverse vibration in the state of nonexcitation in Figure 9 (a). e reason is the higher lifting speed and smaller excitation force at 23.6 Hz, which makes the transverse vibration of the rope more affected by the speed than by the excitation. When the excitation frequency increases to 43.3 Hz, the 72 Hz and 85 Hz harmonics generated by the When the excitation frequency continues to increase, the distribution of the fundamental frequency remains unchanged, the distribution of other harmonics tends to be flat, and the crosslinkability also decreases. Under the excitation frequency of 46.7 Hz and above, no horizontal harmonics appear in the time-frequency diagram of the transverse vibration of the static rope. e smaller excitation force at 43.3 Hz excites a stronger higher-harmonic resonance, whereas the larger excitation force at 46.7 Hz only excites the forced vibration with the smaller intensity. us, 43.3 Hz is close to the natural frequency of a certain order of the wire rope. It is easy to cause strong harmonic resonance when the excitation frequency is near the natural frequency [38] . Serious cases will pose a threat to the operation of the equipment. Figure 16 shows the time-frequency distribution of the longitudinal vibration signal of the wire rope. e biggest difference between longitudinal vibration and transverse vibration is that the time-frequency diagram of the longitudinal vibration shows a complex interlaced state of harmonics at various excitation frequencies, and there is no uniform fundamental wave at all excitation frequencies. erefore, the longitudinal vibration under different excitation states is random vibration. Similar to the transverse vibration, only a few harmonics appear in the time-frequency diagram of longitudinal vibration at 23.6 Hz excitation frequency, and most of them are in the vertical direction with low crosslinking. us, the vibration is caused only at the end of the wire rope when the excitation force is low, not the entire rope. When the excitation frequency increases to over 43.3 Hz, the harmonics of all directions in the time-frequency diagram are interlaced and mixed. e wire rope produces multiple overlaps of incident and reflected waves in the entire range, which shows that the longitudinal behaviour of the wire rope is complex dynamic multifrequency vibration. e ridges of the relative significant harmonic components in the time-frequency diagram of longitudinal vibration (i.e., the protruding peaks shown in deep red) are connected by the red straight dotted lines. Each ridge is divided on a straight line, and the position of the ridge connection at each excitation frequency is notably close to the position of the fundamental or higher harmonics of the corresponding transverse vibration (Table 3 ). For example, at 43.3 Hz excitation frequency, the ridges of the longitudinal vibration time-frequency diagram are located on the horizontal line near 80 Hz. e horizontal distributed harmonics at approximately 80 Hz also exist in the time-frequency diagram of transverse vibration. Furthermore, at 45.7 Hz excitation frequency, the longitudinal vibration ridges are located on an oblique line with the frequency that increases from 1 second to 3.5 seconds. ere are also inclined distributed harmonics rising during 1∼3.5 s in the time domain in the transverse vibration. Under the excitation frequencies of 46.7, 48.1 and 48.5 Hz, the ridges of the longitudinal vibration timefrequency and the fundamental waves of the transverse vibration time-frequency are in the same horizontal position in the frequency domain. erefore, it can be explained that the transverse and longitudinal vibrations of the wire rope under the excitation state belong to two different forms of vibration. Different structures, sizes, and load factors of the wire rope in the transverse and longitudinal directions create the transverse force vibration and longitudinal random vibration. However, because of the interaction of the flexible whole and the longitudinal and transverse directions of the wire rope itself, the vibration of the wire rope has strong transverse-longitudinal coupling characteristics. In this paper, for the first time, the experimental evidence of the coupling characteristics of the transverse and longitudinal vibrations of the wire rope has been found, which is different from the theoretical study of coupled dynamics of the wire rope [5, 42, 43] or the experimental verification of a single direction [30, 44] . Figure 17 shows the histogram of the maximum power spectrum of transverse and longitudinal vibrations of the wire rope at different excitation frequencies. e maximum power spectrum of transverse and longitudinal vibrations increases with the increase in excitation frequency. e maximum power spectrum of transverse vibration is larger than that of the longitudinal vibration. eir ratio can reach 10∼20 times above 43.3 Hz, and it increases with the increase in excitation frequency, which indicates the dominant position of the transverse vibration of the wire rope. In addition, the maximum power spectrum of transverse and longitudinal vibrations decreases at excitation frequencies of 46.7∼48.1 Hz. is result is similar to the standard deviation of the wire rope vibration in Figure 13 , and the reason is the same, i.e., the resonance tendency of the wire rope is weak near the excitation frequency of 46.7∼48.1 Hz.
Conclusions
(1) e periodic excitation conditions of the lifting system container are experimentally simulated. e effect of excitation on the rope tension is not obvious, but the transverse and longitudinal rope vibrations are greatly enhanced. e transverse vibration is a forced vibration following excitation. Longitudinal vibration is characterized by many interlaced harmonic components without obvious fundamental waves. e effect of the excitation is more random, complex, and unstable. (2) At some excitation frequencies, a series of high-order harmonics in multiple relations to the fundamental wave can be excited by the flexible nature of multidegree-of-freedom of the wire rope. With the linearity of the increase in excitation frequency, the amplitude and intensity of the transverse and longitudinal vibrations deviate significantly from their linearity trend at some excitation frequencies (Figures 15 and 17 ), and this deviation indicates the typical nonlinear vibration characteristics of the wire rope. e increase or decrease in the harmonic resonance trend is directly related to the excitation frequency and multiorder natural frequency characteristics of the wire rope.
(3) Compared with the static state excitation of the wire rope, the longitudinal and transverse vibration during lifting is stronger. e transverse fundamental wave remains unchanged, and after the lifting begins, there will be additional corrugated highorder harmonics. e longitudinal vibration harmonic component will also substantially increase. In addition, in low-frequency excitation (23.6 Hz), the transverse fundamental wave is distorted by lifting motion.
us, the dynamic time-varying characteristics of the lifting process make the system operation unstable. Data Availability e proposed content is original and does not involve plagiarism with copyright infringement issues. e data used to support the findings of this study are available from the corresponding author upon request.
Conflicts of Interest
e authors declare that they have no conflicts of interest.
